The Ordovician carbonate karst reservoir which is usually buried 5000m deep is an increasingly important target for oil exploration and production in Tarim Basin, West China. The paleogeomorphology of the top of the Ordovician carbonate directly controls reservoir development and hydrocarbon accumulation, so detailed characterization of karst paleogeomorphology is one of the key steps to identify reservoir development rules which will lead to more efficient exploration and production activities in the study area.
Introdcution
The Ordovician carbonate karst reservoir which is usually buried 5000m deep is an increasingly important target for oil exploration and production in Tarim Basin, West China. The paleogeomorphology of the top of the Ordovician carbonate directly controls reservoir development and hydrocarbon accumulation, so detailed characterization of karst paleogeomorphology is one of the key steps to identify reservoir development rules which will lead to more efficient exploration and production activities in the study area.
This paper presents an example study on carbonate karst paleogeomorphology in Tarim Basin. Also, its significance to exploration and production activities has been discussed.
Methodology
In our study, the Top Ordovician horizon identified as the major karst unconformity was first interpreted in detail using a new technical approach. This interpretation considered karstic geology, was under the guidance of different seismic attributes which could reveal the surface valleys, and was carried out in 1 by 1 line density. And the resultant detailed structural map would be one of the basic inputs to paleogeomorphological reconstruction.
Then the principles of sequence stratigraphy were applied and chronostratigraphic framework was constructed in the closely overlying strata above the karst unconformity (Figure 1a ). Meanwhile the decompaction was performed for the paleothicknesses of these chronostratigraphic sequence units and their thicknesses were compared between wells to derive paleoaltitude information on every well site (Figure 1b) . At last, the paleoaltitude information at wells was used as well control points to generate a surface, with the previous detailed structural map as a trend control. By doing this, the impacts of subsequent big tectonic movements were removed and the (a) (b) karst paleogeomorphology around burial time was obtained.
Result and further analysis
Figure 2a and 2b show the 2D and 3D view of the detailed karst paleogeomorphology reconstruction results. It is shown that the geomorphologic difference is significant between the east and west study area, separating by a NE-striking fault at the middle left. And the relief or elevation difference is much smaller in the west than in the east. But the result is not the ultimate goal of this study. The more important thing is to further analyze the result, which is the basis of revealing the relationship between paleogeomorphology and hydrocarbon reservoirs.
First, the paleostream or paleovalley network was tracked very detailedly in an automatic and complete way, and it was also segmented based on flow accumulation amount. The black lines in Figure 3a represent the paleovalley network and their thicknesses denote the flow accumulation amount. It is seen from this figure that the morphologic difference of valleys is also significant between the west and the east. In the west, the paleogeomorphology is remarkable with a well-developed meandering valley roughly oriented to the northwest. While in the east, several large zigzagged erosional valleys dominate the down-to-south drainage system. Lots of valleys or valley segments running in NE and NW exhibit a reasonable relationship to the faults and joints formed by early Hercynian compressional tectonic movement in NW-SE. Then, the drainage basins or catchments and watersheds were subdivided (Figure 3b ). The drainage basins and watersheds at different scales were delineated detailedly; there was a first-order regional watershed in the middle of the area which approximately ran in NE-SW direction in zigzagged way. Note the thick dashed line in bright yellow. Second, karst paleogeomorphologic units of different order, such as highlands, slopes, peaks, remnant hills, valleys, depressions, dolines, sinkholes, peak clusters, karst ridges, karst lakes and their combinations were also indentified detailedly ( Figure 4~6 ). Based on trend smoothing and closure analysis on the 3 rd -order paleogeomorphology (Figure 4 ; i.e. rough areal subdivision of original geomorphologic surface based on combination characteristics of micro-units), the 2 nd -order paleogeomorphologic units and micro-units could be obtained ( Figure 5 ). Actually the analysis was very thorough as shown in Figure 6 , e.g. it was seen that hundreds of possible sinkholes or dolines were identified and almost all of them developed inside the valleys, so even dry or blind valleys could be inferred.
Hydrocarbon significance
Epikarstic zones and phreatic caves are the most important reservoir types in study area. And karst paleogeomorphology of Top Ordovician unconformity has close relationship with reservoir development of these two types, and even with their hydrocarbon-accumulation possibilities and abundance.
Based on principal component analysis and neural net analysis, the thickness of epikarstic zone could be predicted using surface dip angle. To be specific, dip angle distributions of original and smoothed geomorphologic surface and the thickness of epikarstic zone in wells were input for the analysis, and the correlation coefficient could reach as high as 0.75. This means that usually the surface shapes of micro-units and 2
nd -order units together control the thickness of epikarstic zone at a certain place. From the overlay maps (Figure 7) , it was seen that the hydrologic condition derived from karst paleogeomorphology controlled the characteristics of cave development: (1) most of the caves (red parts; from auto-tracking seismic interpretation) developed near valleys or directly beneath valleys; (2) caves near watersheds tended to be smaller and isolated; (3) larger and well-connected caves tended to develop in the middle part of every drainage basin; (4) caves seldom developed at lower-most reaches of every drainage basin; and (5) cave development characteristics were different between drainage basins.
Further comparison work revealed that caves at geomorphologic highs tended to be more oil-bearing, and caves beneath or near larger surface valleys tended to be more water-bearing or sediments/breccia-filled (Figure 8 ). 
Conclusion
The carbonate karst paleogeomorphology has obvious controls on reservoir development such as epikarstic zones, phreatic caves and their filling degree, and even on their hydroncarbon-bearing possibilities. So, detailed reconstruction and delineation of karst paleogeomorphology can deepen geological understanding sharply of the karst reservoirs and then facilitate more efficient E&P decisions.
